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Abstract

A steady, three-dimensional Navier-Stokes "average

passage" computer code is used to analyze the flow
through a compact radial turbine stage. The code is

based upon the average passage set of equations for
turbomachinery, whereby the flow fields for all passages

in a given blade row are assumed to be identical while
retaining their three-dimensionaIity. A stage solution

Is achieved by alternating between stator and rotor
calculations, while coupling the two solutions by means

of a set of axisymmetric body forces which model the
absent blade row. Results from the stage calculation are

compared with experimental data and with results from an
isolated rotor solution having axisymmetric inlet flow

quantities upstream of the vacated stator space.
Although the mass-averaged loss through the rotor is

comparable for both solutions, the details of the loss
distribution differ due to stator effects. The stage

calculation predicts smaller spanwise variations in
efficiency, in closer agreement with the data. The

results of this study indicate that stage analyses such
as this hold promise for improved prediction of loss

mechanisms in multi-blade row turbomachinery, which could
lead to improved designs through the reduction of these
losses.

Introduction

Radial-inflow turbines have many uses in the aircraft

and power generation industries. For a given work factor
(specific work divided by blade speed squared), a radial

turbine stage will generally have a higher efficiency
than a small axial turbine. There are several reasons

for this. First, a single stage radial turbine can

expand the flow across a relatively large pressure ratio

compared to an axial turbine stage. Thus a single stage
radial turbine might be used where a multi-stage axial

turbine would otherwise be required, reducing losses
associated with a large number of blade rows. Secondly
and mere fundamentally, the reduction in radius occurring

in a radial turbine flow permits a lower rotor exit

velocity for the same expansion process, reducing fluid
friction losses. The use of radial turbines for

propulsion engines, although desirable from a performance

standpoint, is nonetheless limited by their relatively
large diameter and weight. In response to these

limitations, Pratt and Whitney has designed and
fabricated two compact radial turbine rotors which are

compatible with turboshaft engines in the 1600 kilowatt
class. The rotors areupto 50_ shorter in axial length,

4% smaller in diameter, and 30% lighter than current
state-of-the-art radial turbine rotors. These size

reductions were realized through the application of

advanced three-dimensional inviscid and viscous design
codes. The rotors were tested In the Warm Turbine Test

Facility at NASA Lewis Research Center.
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A three-dimensional Navier-Stokes analysis of the

compact radial turbine stage was undertaken at NASA Lewis
Research Center. The scope of this study is limited to

the first of the two rotors designed and Fabricated by
Pratt and Whitney. The main goal of this analysis is to

gain insight into the complex three-dimenslonal flow In
the compact radial turbine stage by modeling the flow in

this high-speed turbine stage as accurately as possible.
Comparisons with experimental data and explanation of

experimental trends aid in accomplishing this goal. A
three-dimensional code is necessary for this analysis to

adequately capture the three-dimensional secondary flows
which produce and distribute loss in the turbine. This
is consistent with the rationale for designing and

optimizing the rotors using three-dimensional design
codes.

Choo and Civinskas [1] analyzed a radial turbine flow

using the three-dimensional inviscid DENTON code [2], and

compared the results with limited experimental data.
Trailing edge boundary layer separation and wake

development were cited as possible causes of predicted
underturning relative to experimental exit flow angles.
Zangeneh-Kazemi et al. [3] conducted three-dimensional

viscous analyses of a radial turbine with and without a

tip clearance model, and compared the results with
experimental data. Computed results agreed well with
experimental data, particularly for the tip clearance

case. It was thus concluded that a tip clearance model
be incorporated for accurate simulation of radial turbine
flow fields. Heiclmannand Beach [4] presented a three-

dimensional Navier-Stokes analysis of the compact radial
turbine rotor of this study using an inviscid model, a
viscous model with no clearance, and a viscous model with

clearance. Reasonable agreement with experimental data
was attained for the third model. In addition to these

radial turbine analyses, several computational studies of

centrifugal compressors have been reported. Moore and
Moore [5] reported a three-dimensional viscous analysis

for a centrifugal impeller using a steady partially-
parabolic model. Results showed good agreement with

data, except for some wake anomalies associated with
leading edge effects beyond the scope of the model. Rhie

et al. [6] also reported a three-dimensional viscous
analysis of a centrifugal impeller using a partially-
parabolic model. The importance of using a tip clearance
model to accurately predict the wake flow was
demonstrated.

The preceding studies were limited to analysis of an
isolated rotating blade row, either a turbine or a

compressor. Recently, substantial effort has been
focused on accounting for multi-blade row turbomachine
effects. Dawes [7] reported development of a viscous
multistage analysis technique based on circumferential

averaging of flow variables at inter-blade row mixing

planes, while retaining radial variations. Improved
comparison with experimental data relative to an isolated
blade row calculation was reported for two cases. Denton

[8] reported a procedure which also uses inter-blade row
mixing planes to transfer information between adjacent
blade rows, but allows flow quantities to vary

circumferentially at the mixing plane to avoid errors

associated with mixing planes very close to blade leading
and trailing edges. The procedure is in early stages of

development, and uses very sparse grids.



Thispaperpresentsathree-dimensionalNavier-Stokes
analysisof the flow through the compact radial turbine
stage using the "average passage" code of Adamczyk [9-

11]. This code models the flow as spatially periodic
from blade passage to blade passage in a particular blade
row and can be used to analyze interacting blade rows,

including multistage machines. This becomes advantageous

for multistage turbomachinery calculations involving
stator and/or rotor blade rows having different blade

count, where the averaging process keeps computational
time from becoming prohibitive. For a single stage
machine, the actual flow is identical for all passages in

a particular blade row, so this averaging process has no

effect. Tip and hub clearance medels are included in the
analysis, as recommended by Zangeneh-Kazemi et al. and
Rhie et al. The hub clearance model is necessary to
model the backface clearance found in this and other

radial turbine rotors.

Turbine Description

The compact radial turbine stator is shown in Fig. i.
The stator consists of 36 blades which have an exit blade

angle of approximately 73 degrees from the radial

direction. The compact radial turbine rotor is shown in
Fig. 2. The rotor consists of 14 solid blades and a
solid disk. The stator and rotor blade leading and

trailing edges are elliptic to reduce discontinuities in
surface curvature. The flow enters the rotor radially

and exits axially. As is typical for radial-inflow
turbines, the rotor is scalloped to save weight and

minimize centrifugal disk stresses. This means that the
rotor disk surface does not extend completely to the

blade leading edge. Instead, the flow is bounded by the
stationary backface in this region. Nor does the disk
surface extend substantially beyond the blade trailing

edge. The hub surface is stationary upstream and
downstream of the disk surface. Scalloping of the rotor

also causes a clearance flow in the radial portion of the
rotor hub, in addition to the familiar tip clearance.

Figure 3 shows the stage assembly, indicating both
clearances. Clearances were measured during operation.
The shroud clearance was about O.46mm (0.018 in) at the

leading edge and O.20mm (0.008 in) at the trailing edge.
The backface clearance was about 0.38mm (0.015 in). The

rotor hub-to-shroud span was 14.12 mm (0.556 in) at the

leading edge, and 44.00 mm (1,732 in) at the trailing
edge, The leading edge hub and shroud clearances thus
accounted for 2.69% and 3.26% of the leading edge span,

respectively, for a total clearance of 5.95%. The
trailing edge shroud clearance accounted for 0.45% of the

trailing edge span. The rotor diameter was 0.367 m

(14.45 in) to the blade leading edge. The stator blade
outer and inner diameters were 0.449 m (17.66 in), and

0.386 m (15.20 in), respectively. The radial distance
between blade rows in the vaneless space was 9.46 mm

(0.372 in). Although the stator trailing edge span (b-
width) was 12.40 mm (0.488 in), the inter-blade row

shroud and actuator ring reduced the span to 11.91 mm
(0.469 in) between blade rows. These dimensions reflect

the scaled up experimental rig geometry.

The experimental study of the compact radial turbine
was conducted in the NASA Lewis Research Center Warm

Turbine Test Facility under a joint program with Pratt

and Whitney [12,13]. Testing was conducted over amatrix

of test conditions at reduced temperatures and pressures.
The matrix consisted of a range of pressure ratios and

rotor speeds centered about the design point. The
nominal design point test conditions were 19,940 RPM,

5.03 total pressure ratio, 2.86 kg/s (6.30 Ib/s) flow

rate, 335 KPa (48.6 psi) inlet total pressure, and 479 K
(863 R) total inlet temperature. This corresponds to a

Reynolds number of 6.00 x 105 based on rotor leading edge

diameter, mass flow rate, and stator inlet conditions.

The fuel-to-alr ratio for the e_pe,j'iment was _0._042,
yielding a gas constant of 288.1 m=/s=K (1723 ft=/s= R).

The mean value of specific heat ratio was approximately
1.39. After completing testing on the first turbine

configuration, the stator blades were rotated closed by
1.125 degrees to increase the swirl into the rotor and

possibly improve the performance of the turbine. Tests
of this second configuration, however, indicated a

reduction in efficiency. A second rotor, even smaller
than the first, was also designed and fabricated by Pratt

and Whitney and tested at NASA Lewis Research Center.
This third turbine configuration attained an efficiency

comparable to that of the original turbine configuration
when corrected for its higher work factor. The first and

third configurations attained efficiencies approximately
2 percent higher than current state-of-the-art turbines

of like work factor. The analysis of this paper is based
on the first turbine configuration.

Figure i. Stator ring

Figure 2. Compact radial turbine rotor
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Figure 3. Stage assembly

In addition to overall performance measurements,
rotor exit surveys were conducted for each configuration

which measured axisymmetric flow angles, total
temperatures, and total pressures versus percent span.

Although stator exit surveys were not conducted for the
first turbine configuration, they were conducted for the

second configuration, enabling limited comparison. All
data were recorded at a steady-state condition. The

design point data from these experiments are used for
comparison to the average passage code calculations in

this report.

ce_

As stated earlier, the flow through the compact

radial turbine was analyzed using a steady three-
dimensional Navier-Stokes "average passage" code. The

equations which form the basis for the average passage
code are obtained by applying three averaging processes

to the full Navier-Stokes equations. These processes are
ensemble averaging, time averaging, and passage-to-

passage averaging• Ensemble averaging yields the
familiar Reynolds-averaged Navier-Stokes equations. This

averaging process removes the random fluctuations from
the flow field while retaining the unsteady deterministic

fluctuations. Time averaging further simplifies the flow
equations by removing the deterministic unsteady flow
fluctuations. In multi-blade row turbomachinery, these

are produced by the relative motion of stator and rotor
blade rows. Passage-to-passage averaging removes
differences between the flow fields in different blade

passages of the same blade row, resulting in spatial

periodicity in a particular blade row. For a single

stage turbomachine subjected to axisymmetric boundary
conditions (such as the turbine of this study), the first
two averaging processes alone produce spatial

periodicity. Thus the passage-to-passage averaging is
redundant• For multistage turbomachinery with stator

blade rows having different numbers of blades and/or

rotor blade rows having different numbers of blades,
however, this will not generally be true. The average

passage equations obtained by the three averaging

processes are discretized using a control volume approach
in a cylindrical coordinate system• Using this control

volume approach, all flow quantities are cell-centered.
To obtain values of flow variables at cell surfaces, a

second-order accurate averaging process is used. A
Baldwin-Lomax turbulence model is employed with a

turbulent Prandtl number of 0.9, and is updated after
every 10 iterations. Transition to turbulent flow is
assumed to occur at 10% of the radial chord in the

stator. The rotor is fully turbulent. A constant value
of specific heat ratio is assumed in the code.

The discretized average passage equations obtained by
the control volume approach are solved using a four-stage
Runge-Kutta scheme. Second and fourth difference

dissipation terms are used to avoid alternate point
decoupling in the solution• The model of Jameson et al.

[14] is used. The level of dissipation used is minimized
to avoid excessive smoothing of the solution• Total

temperature, total pressure, and axial and tangential
velocities are specified at the upstream boundary. The

• • , ÷ -

R1emann mvarlants C and C are used to calculate the

radial velocity, static temperature, static pressure, and
density at the upstream boundary. At the downstream

boundary, the static pressure at the hub is specified and
spanwise equilibrium is enforced• All other downstream

flow quantities are extrapolated from the interior of the
flow domain. At the blade, hub, and shroud surfaces,

extrapolated normal pressure gradient and adiabatic wall

boundary conditions are employed• These solid surfaces

are modeled as no-slip and impermeable• For
computational cells on the stationary shroud, backface,
and aft centerbody surfaces, the no-slip condition
results in rotation relative to the rotor. The mesh

boundaries extending from the blade leading and trailing

edges to the inflow and outflow boundaries, respectively,

are periodic boundaries. At these boundaries,
periodicity is enforced by setting the flow variables in

the computational cell outside the computational domain
equal to those at the corresponding periodic location.
These periodic boundary conditions are also implemented

in the clearance gap region• A simple one-dimensional
inviscid flow model is used for the clearance gap flow.

Mass, momentum, and total enthalpy are conserved across
the clearance gap between adjacent grid points, resulting

in zero static pressure difference across the gap.
Although this model of the flow in the clearance region

is quite simple, it does result in a flow across the
clearance gap. This was found to be important for
viscous flows in the previous study [4] due to the

viscous drag of the shroud near the clearance region. If
flow is not allowed to pass above the blade tip, the

shroud boundary layer flow unrealistically stagnates at
the blade.

Grid Generation

A three-dimensional computational grid was generated

for the stator and rotor blade passages using an
interactive H-grid generation procedure [15]. The

procedure makes use of a combination algebraic/elliptlc
technique• For a multi-blade row calculation using the

average passage code, it is necessary to produce a
complete three-dimensional grid for each blade row, each

of which spans the length of the computational domain in
themeridional direction. Thus both a stator and a rotor

grid were generated• Both grids extend the entire
distance from the inlet flow boundary upstream of the

stator to the exit flow boundary downstream of the rotor.



Periodicboundarysurfacesextendfromthe leadingand
trailing edgesof the bladesto the inlet andexit
bounaries,respectively.Theinlet flowboundaryis at
a diameterof 0.534m(21.04in), morethanonestator
radialchordupstreamof thestator leadingedge. The
exit flowboundaryis locatedat theexit surveyplane
usedin theexperiment,approximately2.5rotorexit span
lengthsdownstreamof the rotor trailing edge. An
axisymmetrictwo-dimensionalgrid (Fig. 4) is commonto
both the stator and the rotor grid. Thethree-
dimensionalgridsarenotaxisymmetric,but theradial
andaxialcoordinatesof eachgridpointonthebladeand
periodicboundarysurfacesof thethree-dimensionalgrids
are identicalto thosefromthe axisymmetricgrid.
Figures5and8 showthemidspanstator and rotor grids
respectively, The stator and rotor grids consist of 173

by 37 by 37 grid points, with 173 grid points in the
meridional direction. These are the only grids used in

the calculation, so grid independence cannot be proven.
However, with over 200,000 grid points in each grid,

substantial increases in the number of grid points is
impractical. There are 37 meridional grid points on the
stator and 69 on the rotor. The hub and shroud clearance

gaps contain 4 computational cells each in the spanwise
direction. While this discretization of the clearance

gaps approximates the magnitude of the actual machine

clearance, it does not exactly duplicate the distribution
of the clearance. However, since a very simple model is
used in the clearance calculation, it was decided not to

undermine the smoothness of the grid by exactly following
the blade tip with a grid llne. The computational shroud

clearance varies from 0.21 mm (0.008 in) at the leading
edge to 0.71 mm (0.028 in) at midchord to 0.27 mm (0.011
In) at the trailing edge. The computational hub

clearance increases from 0.21 mm (0.008 in) at the
leading edge to 0.51 mm (0.020 in) at the end of the

clearance. When measured after disassembly of the
experiment, the vaneless space span was found to be less

than either the stator trailing edge or rotor leading
edge spans. Since it was considered important to match

the minimum span in this transonic region of the flow,
the grid smoothly reaches the same minimum span. In the

actual assembly, the hub and shroud contours change in a
stepwise manner (see Figs. 3 and 4).
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Figure 4. Axisymmetric grid
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Figure 5. Stator midspan grid
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Figure 6. Rotor midspan grid

Grid points are densely packed near solid boundaries

to adequately resolve viscous effects. The grid points
are distributed in the blade-to-blade direction using the
hyperbolic tangent function and in the spanwise direction

using the exponential function. Grid points are also
packed near the rotor leading and trailing edges and the
stator trailing edge because of the large accelerations

typically found in these regions. This clustering is
done using the hyperbolic tangent function. The stator

leading edge is thick and is exposed to low velocities,
so clustering is not as important there. A sufficient



numberof grid pointslie onthe leadingandtrailing
edgesof the stator androtor bladesto adequately
describethe elliptic geometry.This is important
becauseaccelerationsaroundleadingandtrailing edges
areparticularlysensitive to geometry. The grid spacing
at the wall is less than about 0.12 mm (0.005 in) over

the blade, hub, and shroud surfaces. This corresponds to
a Y+ of order 10 or less. The surface grid spacings at

the rotor leading and trailing edges and the stator
trailing edge are less than about 0.18 mm (0.007 in).

Method of Analysis

The following procedure was followed to achieve a

turbine stage solution. Preliminary stator-only and
rotor-only solutions were obtained. These blade row

solutions, which modeled the blade rows as independent of
each other, were then combined and information was passed

between them iteratively until a converged stage solution
was reached.

For the preliminary blade row calculations, the same

grids were used as in the final calculations. The
stator-only computation was conducted with the inlet

total pressure and temperature from the experiment
applied as upstream boundary conditions. Additionally,

zero swirl velocity was assumed upstream of the stator
since velocities are very low there (Mach 0.05 or less),

and the flow is entering radially from a large volute.
It was impossible to calculate the flow through the

stator alone using the entire streamwise grid, since
conservation of angular momentum and the absence of a

rotor to extract energy would result in a physically
impossible solution. Therefore the stator-only

calculation was limited to the region upstream of the
rotor leading edge. The experimental inter-blade row hub

static pressure was employed as the exit boundary
condition. This was 179 KPa (26.0 psi), or 53.5% of the
upstream total pressure. Spanwise equilibrium (axial)

was applied at the exit boundary. The solution was
initialized using a very simple axisymmetric starting
solution based on constant total conditions and velocity

magnitudes through the machine and meridional flow

tangency to the meridional grid lines. This estimate
neglects increases in swirl through the stator, but

proved adequate as a starting solution.

The rotor-only solution utilized the entire rotor
grid, and applied the same total temperature as the

stator-only solution at the upstream boundary. The total
pressure at the inlet boundary was reduced to 98% of the

experimental stator inlet total pressure to account for
the stator losses. The exit boundary condition was the
experimental rotor exit static pressure at the hub (44.6

KPa (6.46 psi), or 13.3% of the experimental stator inlet
total pressure), and radial equilibrium was applied at

the exit boundary. The rotor speed was fixed at the
experimental value. Inlet swirl was varied until the
flow angle at the radial location of the stator trailing

edge approximately equalled the stator trailing edge

blade angle of 73 degrees. This was later found to
overestimate the final stage calculation of the stator

exit angle by about 3 degrees. However, for a
preliminary solution, small errors such as this are not
a major concern. As in the stator-only solution, the

rotor-only solution was started with an estimate based on
constant total conditions and velocity magnitudes through

the machine and meridional flow tangency to meridional

grid lines. This was again found to be adequate. The
rotor-only solution converged to a mass flow rate less
than 2% greater than the stator-only solution.

A converged stage solution using the average passage
code is achieved by alternating between calculations on
each blade row. During a given blade row calculation, a

set of axisymmetric body forces are applied which model

the effects of the absent blade row. Although the body
forces are axisymmetric, the flow retains its three-

dimensionality throughout the domain due to the presence
of the current blade row. The body forces effect changes
in the six flow variables (density, three components of

momentum per unit volume, energy per unit volume, and

pressure) at each solution point by additive adjustments
calculated from the previous calculation on the absent
blade row. Since the three-dimensional grids are not

axisymmetric, it is necessary for the code to interpolate
the body forces, as well as the axisymmetric flow
solution, from one blade row calculation to the other

when a new blade row is started.

It proved difficult to achieve a converged stage
solution using the preliminary stator and rotor solutions
with the experimental boundary conditions. Using a

procedure of alternating between 100 iterations on each
blade row, while restarting each blade row with its

previous solution yielded divergent mass flow rates for
the stator and rotor. This was likely due to the highly
sensitive nature of the transonic flow between the blade

rows to flow rate, and its resulting effect on rotor
incidence. As the mass flow rate fluctuated, the rotor

incidence deviated from the design incidence angle. This

caused the flow in the inter-blade row space to fluctuate
even more, resulting in instability. After careful

examination of the problem, a new solution methodology
was attempted which resulted in a converged solution.

The rotor-only solution was recalculated using the total
temperature, entropy, and tangential and axial velocity

components at the stator exit from the stator-only
axisymmetric solution as inflow boundary conditions. The
rotor-only calculation was then executed, holding the hub

exit pressure constant, but varying the rotor speed until
the flow rate through the rotor equalled the stator-only

value. This required an increase in the design rotor
speed of about 2%. Using this new rotor speed, stator

and rotor solutions were again alternated with 100
iterations on each blade row. Before restarting each new

rotor solution, an axisymmetric correction was added to

the previous rotor solution in the stator space to make
the axisymmetric solution in that space equal to the
current stator axisymmetric solution. A comparable

procedure was folTowed for each new stator solution.

This improved convergence by ensuring compatibility
between the body forces and the axisymmetric solution in
the absent blade row space. The two axisymmetric

solutions approach each other as the solution converges.
After this stage calculation converged, the rotor speed

was gradually reduced to the experimental value. This
calculation methodology ensures that mass flow rates in

the two calculations are always equal, thus avoiding the
problems encountered previously. The stage calculation
was considered converged when the flow rate had reached

a constant value for several cycles between stator and
rotor, and the root-mean-square residual of each blade

row had decreased by at least three orders of magnitude
from the original starting solutions. The residual was
defined as the time derivative of the circumferential

momentum per unit volume at a solution point.

To help understand the relative merit of the stage
solution, a three-dimensional isolated rotor solution was

computed having the same mass-averaged absolute total
pressure and mass-averaged circumferential momentum as

the stage calculation midway between blade rows. Fixing
these quantities allows the mass flow to vary, which is

consistent with the stage calculation methodology. The



upstreamboundarywaslocatedupstreamof the stator.

The circumferential momentum was produced by imparting
the necessary swirl at the upstream boundary. The stage

rotor solution was used as the starting solution for this
calculation. All pertinent calculation variables were

held constant from the stage calculation. The root-mean-

square residual of this solution was brought to a lower
value than that of the stage solution. It may be argued

that the axisymmetric flow profile should be fixed to the
correct spanwise distribution immediately upstream of the
rotor, but this would introduce loss due to the
interaction of rotor potential effects with this new

upstream boundary.

The computations were performed on the NASA Lewis and

Ames Cray Y-MP supercomputers. The stage solution
required approximately 5000 iterations to reach a
converged solution, not including aborted attempts at

achieving convergence, This corresponds to approximately
10 CPU hours of Cray Y-MP time. The computational grid,

executable code, and flow solution required about 12
megawords of combined memory. The supplemental isolated

rotor solution required approximately an additional 1000
iterations from the stage rotor solution; corresponding

to approximately 1.3 CPU hours of Cray Y-MP time.

Results and Discussion

The final converged stage calculation predicts a mass
flow rate through the turbine of 2.93 kg/s (6.46 Ib/s),

while the isolated rotor solution yields a mass flow rate
of 2.76kg/s (6.09 Ib/s). These values are approximately

2.6% above and 3.3% below the experimental value of 2.86
kg/s (6.30 Ib/s), respectively. The high mass flow
predicted by the stage calculation can possibly be

explained by geometric differences between the
computational grid and the actual rig hardware. Because

of machining tolerances, it is possible that the actual
flow area of the turbine differed slightly from the
computational grid, which matched the design coordinates.

This is critical for the stator, where a slight change in
the large exit angle can effect a large change in

throughflow. The initial stator-only solution mass flow
rate was comparable to the final stage mass flow, which

was higher than the experimental value. This stator-only
mass flow was rather insensitive to pressure ratio,

indicating that the stator was near a choked condition.
In the isolated rotor solution, the stator blades are not

present, and the mass flow rate is 3.3% below the
experimental value, despite the fact that the mass-

averaged absolute total pressure between blade rows Is
matched to the stage calculation. This is due to the

thicker endwall boundary layers which form in the absence
of stator blades. Because of the slowing at the

endwalls, the core flow has more swirl than the stage
calculation, since the mass-averaged circumferential

momentum is the same. This causes a spanwise variation
in flow angle between blade rows, compared to the nearly

spanwise uniform stage calculation flow angle, and an
associated reduction in flow rate.

Figures 7 and 8 present Mach number contours relative

to each blade row at mldspan for the stator and rotor
passages, respectively, from the stage calculation. Flow

is from top to bottom in both figures. Wakes can be seen
downstream of both blades, although they diffuse in a

rather short distance. The very low Mach number upstream
of the stator (less than 0.05) can be seen in Fig. 7.

This very slow flow presents a convergence problem for
compressible schemes such as the one used in this study.

However, through the use of increased levels of
artificial dissipation in the early stages of the

calculation, these problems were circumvented. A small

region of high velocity flow can be seen in the rotor

solution (Fig. B) near the suction surface downstream of

the leading edge. This region is caused by the positive
incidence calculated by the code and the resultant

acceleration of the flow around the blade leading edge.
This high velocity flow is decelerated by the viscous

drag at the blade and the slower flow in the mid-passage,
before re-accelerating through the rotor. The solution

does not predict any flow separation due to the
deceleration. The rotor geometry of this analysis has a

truly radial leading edge. The second rotor designed and
fabricated by Pratt and Whitney has a leaned leading

edge, such that the blade is not radial at the leading
edge. This lean would tend to align the blade with the

incident flow, perhaps eliminating the accelerated region
and reducing incidence loss.
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Figure 7. Stator midspan Mach number
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Figure 8. Rotor midspan relative Mach number



Figures 9 and 10 display total pressure contours

between blade rows for the experiment and stage

calculation, respectively, viewed from downstream. The

experimental plot is for the second stator configuration,

where the blades have been rotated by 1.125 degrees

relative to the calculation. However, it is anticipated

that the distribution of loss will not vary dramatically

due to this rotation. The stator wake can clearly be

seen in both plots and is comparable. The low total

pressure endwall vortices span a greater circumferential

distance in the experiment than in the calculation. This

discrepancy may be due to the inability to match the

stepwise change in span between blade rows with the

computational grid. The smooth grid may allow the

vortices to remain localized. It is curious that the

experimental data is not symmetric about the midspan in

Figure 9. Since the stator geometry and inflow are

symmetric and the stator is near a choked condition, a

symmetric profile such as that seen in Figure 10 is

expected.
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Loading diagrams for the stator and rotor from the

stage calculation and for the rotor from the isolated

rotor calculation are presented in Figs. 11, 12, and 13,

respectively. The surface pressures are normalized by

the stator inlet total pressure. Spans are measured from

the hub. The I0%, 50%, and 90% span locations were

chosen to represent hub, midspan, and tip values while

avoiding highly localized effects near the rotor
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Figure 11. Stator loading diagram
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clearances. The stator loading is nearly spanwise
constant, with only slight differences near the endwalls.

The 10% and 90% span loadings are identical, indicating
symmetry about midspan. The stator is mainly loaded over

the rear half of the blade, where the higher velocities
occur. The rotor stage solution loading diagram (Fig.

12) indicates approximately constant spanwise loading in
the radial part of the rotor (0 to 30 percent meridional

distance), and radially increasing loading in the mixed
and axial regions (30 to 100 percent meridional

distance). In the radial part of the rotor, the flow is
still nearly two-dimensional because a cross-channel

slice is at constant radius, thus the loading is two-
dimensional. As the rotor turns toward the axial

direction, more work is extracted from the flow at the

larger radii due to the larger blade-to-blade distance,
resulting in larger pressure differences across the

blade. The isolated rotor solution loading diagram (Fig.

13) is quite similar to the rotor stage solution loading
diagram. However, the blade surface pressures are
consistently lower for the isolated rotor solution. This

is due to a lower relative total pressure between blade
rows in the isolated rotor solution which occurs despite

the matching of absolute total pressure. The isolated
rotor solution also indicates a lower loading at 50% span

than near the endwalls in the rotor leading edge region.
This is a result of the spanwise variation in mass flow
rate caused by the thicker stator endwall boundary layers

in the isolated rotor solution. While the tangential and
total velocities are largest at midspan, the throughflow

velocity is actually largest at about 10% and 90% span.
This results in higher loading at these locations. This

is unrealistic and points out the superiority of the
stage calculation.

Figures 14 and 15 show relative velocity vectors near
the hub and suction surfaces for the stator and rotor

stage solutions, respectively. The stator flow (Fig. 14)
is nearly two-dimensional, which is supported by Figs. 9

and 10. There is no apparent separation, and losses
result almost completely from skin friction. In the
rotor (Fig. 15), low momentum fluid migrates from hub to

shroud along the suction surface, sweeping the boundary
layer flow toward the blade tip, where the clearance flow
detaches it from the blade and carries it into the

passage. The radial flow migration is driven by hub and
suction surface pressure gradients which are illustrated

in Fig. 12. A pressure surface pressure gradient,
although smaller, also exists and drives the flow in the

opposite direction (radially inward). The
circumferential arc on the hub in Fig. 15 indicates the
junction of the rotating disk and the stationary
backface. The rotation of the backface and shroud

relative to the rotor is right to left, and viscous drag

pulls the boundary layer fluid toward the blade suction
surface. The hub and tip clearance flows oppose this

viscous flow. There is no apparent flow separation on
the rotor walls.

The net result of the various flow phenomena which take

place in the rotor is illustrated in the axial component
of vorticity (rigid body angular velocity) distribution

at the blade trailing edge plane (Fig. IB). The
formation of the turbulent wake is seen along the blade

trailing edges. The positive (counterclockwise) axial
vorticity in the wake is consistent with the upward

migration of fluid on the suction surface and the
downward migration on the pressure surface. When

particles were released near the hub trailing edge using
a three-dimensional plotting program, they migrated

slowly along the trailing edge from hub to tip. This is
due to centrifugal forces acting upon the very low
momentum fluid in the center of the small trailing edge
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Figure 14. Velocity vectors near stator endwall
and suction surfaces
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Figure 15. Relative velocity vectors near rotor hub
and suction surfaces
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vorticeswhichresultfromtrailing edgeseparation.The
negative(clockwise)vortexnear the shroud/suction
surfacecorneris causedbythetip leakageflowwhichis
fromleft to right. It is essentiallyanextensionof
the largerareaof negativevorticity nearthesuction
surfacecausedby the spanwisemigrationof suction
surfaceflow. Squeezedbetweenthetip leakagevortex
andthe shroudis a verythin, very intensepositive
(counterclockwise)vortexwhichis a result of viscous
dragat theshroudfromright to left. Thelargerand
morediffusepositivevortexnearmid-channeland90%
spanis alsocausedbytheshrouddrag,butis limitedby
the leakageflow to somedistancefromthe suction
surface.Thisvortexis similarto thevortexfoundin
thedrivencavityproblem.

Figure17indicatestheeffectof theaforementioned
secondaryflowsonturbinelossthroughentropycontours
at thetrailing edgeplane.Thehighestentropyregions
are in the wakeandat thetip leakagedischarge.As
statedpreviously,the bladesuctionsurfaceboundary
layerflowmigratestowardthetip wherethetip leakage
flowdetachesit fromthebladeandcarriesit into the
passage.This is substantiatedby the highentropy
regionemanatingfromthe clearanceregioninto the
passagein Fig. 17. Thishighentropyflow is forced
awayfromthe shroudas it movestowardthe pressure
surfaceby the larger positivevortexof Fig. 16.
Particleswerereleasedinto theflowbackwardsin time
fromthecenterof thehighentropyregionusingathree-
dimensionalplottingprogram.Thiswasdoneto determine
theoriginof this highlossflow. Theparticleswere
foundto originatefromthetip clearanceregionat about
30%meridionaldistance.Thisdoesnotsuggestthatall
of the lossoriginatesthere,butmerelysubstantiates
the premisethat the tip clearanceflow plays an
importantrole in producinganddistributingtheloss.
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Figure 17. Rotor trailing edge entropy

Figures 18 to 21 compare axisymmetric area-averaged
computational results downstream of the rotor with
experimental data. The area average was used because it

is arguably what steady-state probes measure in an

experimental setting. These plots also include the
isolated rotor solution for comparison, and are taken at

the outflow boundary of the solution, which corresponds
to the data measuring station. Figure 18 shows the
axlsymmetrlc rotor exit flow angle distribution versus

percent span, where zero percent span indicates the hub.

Both stage and isolated rotor solutions are presented.
Negative flow angles indicate a tangential component of
absolute velocity opposite to the direction of rotation
of the rotor. It is interesting that the two

calculations agree so well with each other in light of

the fact that they have quite different inflow
conditions. This indicates that the rotor exit flow

angle distribution is driven mostly by the rotor, and
that the distribution of stator exit angle has a
relatively small effect. Of course if the

circumferential momentum upstream of the rotor were not

the same for the two cases, one would expect the average
exit flow angles for the two cases to differ. The

agreement with experimental data is quite good,
especially between 10% and 90% span. The location of the

local maxima at 75% span is predicted accurately. The
deviation of the calculations from the data near the

endwalls is difficult to explain. However, there Is only

one data point at each endwall which is not predicted,
and they are very close to the endwalls. Because the

boundary layer flow is slow at the endwalls, a small
change in swirl velocity would result in a large change

in flow angle compared to the higher velocity flow in the
core. Thus the misprediction of swirl velocity at the

endwalls is actually not very large.
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Figure 18. Axisymmetric absolute flow angle
downstream of rotor

Figure 19 presents the total pressure distribution at
the rotor exit. The pressures are normalized by the
stator inlet total pressure. In an integrated sense, the

stage calculation overpredicts the exit total pressure
slightly, while the isolated rotor calculation
underpredicts it by about the same amount. The lower

exit total pressure for the isolated rotor calculation is

consistent with the lower static pressures found on the
blade surfaces in Fig. 13 than in Fig. 12, and is caused
by the lower relative total pressure between blade rows

in this solution. The two calculations have nearly the
same distribution of rotor exit total pressure, which

matches that of the data well except for the small peak
in the data near 70% span. This difference becomes more

apparent in the following two figures.

Figure 20 is a plot of rotor exit total temperature
versus percent span. The values are normalized by the

stator inlet total temperature. Exit total temperature
is an indication of the amount of work done by the fluid.

A lower exlt total temperature indicates more work.
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Figure 20 indicates a higher level of work done in the

isolated rotor calculation than in the stage calculation.

This is consistent with the total pressure distributions
of Fig. 19. The isolated rotor calculation predicts a
lower rotor exit total pressure than the stage

calculation. This corresponds toa higher total pressure
ratio across the stage, and a higher ideal change in
total enthalpy. Thus for a comparable efficiency, the

isolated rotor calculation should predict a higher actual
change in total enthalpy with a resulting lower exit

total temperature. Between 10% and 50% span, the

isolated rotor exit total temperature is consistently
lower than the stage prediction, in agreement with the

exit total pressure trends. Near 70% span, however, both
calculations predict an increase in rotor exit total
temperature. This increase corresponds in location to

the local maxima of the experimental data near 70% span,
but the magnitude of the variation is larger in the

calculations. This is especially true for the isolated
rotor calculation, where the work done is significantly
lower near 75% span. The increased exit total

temperature near the hub in the isolated rotor solution
is likely due to the increased loss associated with the

thicker hub boundary layer which forms in the stator

space in the absence of stator blades. This effect may
also be responsible for part of the increase near the
shroud. It is expected that the effect of the endwall

boundary layer would be more diffuse near the shroud due

to the mixing effect of the tip clearance flow.

Figure 21 presents the stage total-to-total
efficiency distributions at the rotor exit. The mass-
averaged efficiency for the experiment is 88%, while the
stage and isolated rotor calculations predict mass-

averaged efficiencies of 91% and 90%, respectively. The
two calculations are essentially identical except between

65% and 95% span. Over this range, the isolated rotor
calculation exhibits a more dramatic reduction in

efficiency. Figures 16 and 17 help explain the cause of
the calculated reduction in efficiency near 75% span.

The high entropy region near the suction surface trailing
edge at 90% span migrates to about 75% span at the
downstream exit plane due to the effect of the larger
positive (counterclockwise) vortex of Fig. 16. This high

loss region is a result of the accumulation of boundary
layer and clearance flow through the rotor. The isolated
rotor solution has more rotor inlet loss concentrated at

the endwalls. Much of the hub endwall flow migrates from

hub to tip on the rotor suction surface, while much of

the shroud endwall flow is driven to the tip clearance by
shroud relative rotation. In this way the additional

endwall loss in the isolated rotor solution supplements
the high entropy region at the rotor exit, yielding a

larger reduction in efficiency at 75% span. The
efficiency trend is thus superior for the stage

calculation compared to the isolated rotor solution,
because the experimental data shows no such local minimum
in efficiency. It is unclear why the calculations

predict a minimum at 75% span while the data is
monotonically decreasing through this range. Perhaps the

tip clearance loss is distributed more equally across the

span than predicted. This is supported by the
overprediction of efficiency between 10% and 50% span.

The rather simple inviscid clearance model may cause the
leakage jet to diffuse more slowly than in reality,
retaining the localization of the loss. It would be

desirable to have experimental data closer to the rotor
trailing edge to determine whether the efficiency

distribution has more spanwise variation nearer the
rotor.
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Summary and Conclusions 2.

The compact radial turbine stage flow field was
analyzed with the three-dimensional Navier-Stokes average

passage code. This code calculates the flow through a
blade row using axisymmetric body forces to model the
effects of the absent blade row. The solution was

compared with experimental stator and rotor exit 3.

quantities and with a corresponding calculation of the
flow through the isolated rotor. The stage calculation

produced somewhat better agreement with experimental data
in terms of the spanwise distribution of rotor exit 4.

quantities. The calculation also produces results not
measured in the experimental study and some of these,
including stator and rotor loading diagrams, rotor exit

vorticity and entropy contours, and surface velocity

vectors are presented to better describe the complex flow 5.
field in the turbine stage. The isolated rotor
calculation was found to be unrealistic due to the

Formation of thick endwall boundary layers in the vacated

stator space which are not present in the stage
calculation because of the stator blades. These endwall 6.

boundary layers result in unrealistically large spanwise
variations of the flow quantities entering the rotor,

while the stage calculation predicts the expected nearly
spanwise constant rotor inlet Flow. The spanwise 7.
variations of the isolated rotor solution give rise to an

unrealistic loading diagram near the rotor leading edge,
an enthalpy change through the rotor larger and having

more spanwise'variation than that found experimentally, 8.

and a reduction in efficiency at 75% span which is more
extreme than either the stage calculation or experiment.

While the use of three-dimensional Navier-Stokes 9.

codes has grown for turbomachinery analysis purposes, the
application of these codes to the design of

turbomachinery has been limited by the computational time
required to achieve a solution. This paper makes no 10.
claim toward solving this problem. However, this

analysis does improve the modeling of a single stage
radial turbine by more accurately accounting for the

effect of the upstream stator blades. The improved
modeling brings improved agreement with experimental 11.
data. This improved agreement, in concert with the

ability of three-dimensional Navier-Stokes codes to track

loss production and distribution through turbomachinery,
could give a designer new information to improve future
turbomachinery designs.
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